Seven cloned small circular DNA molecules from CHO cells were sequenced and examined for the presence of homologies to each other and to a number of other functional sequences present in transposable elements, retroviruses, mammalian repeat sequences, and introns. The sequences of the CHO cell circular DNA molecules did not reveal common structural features that could explain their presence in the circular DNA population. A gene bank was constructed for CHO chromosomal DNA and sequences homologous to two of the seven small circular DNA molecules were isolated and sequenced. The nucleotide sequences present at the junction of circular and chromosomal DNA suggest that a recombination process involving homologous pairing may have been involved in the generation of one, but not the other, of the two circular DNA molecules.
INTRODUCTION
Small polydisperse circular DNA (spcDNA) appears to be present in the majority, if not all, of higher eukaryotie cells in culture, as well as in a wide variety of cell and tissue types derived from intact organisms (112, 3, 1, 5, 6) . Virtually all of the spcDNA molecules that have been investigated have been found to be homologous to, and presumably derived from, chromosomal DNA. The observation that spcDNA is homologous to all identified classes of chromosomal DNA, including unique sequences, but that the proportion of individual sequences present in spcDNA and in chromosomal DNA may differ (6, 7, 8) , suggests that the generation of spcDNA cannot be completely random. Some of the spcDNA molecules from Drosophila and Caenorhabditis have been shown to consist entirely of transposable elements (9, 10) . Others, isolated from mammalian cells, were found to contain complete or partial copies of L1, Alu, or alphoid satellite DNA sequences (11, 12, 13, 11) . Given the large numbers of circular DNA molecules per cell in culture (up to several thousands in CHO and monkey cells) and the fact that their sequence complexity exceeds their total molecular mass on a per cell basis, it seems likely that a variety of different processes may be at work to generate spcDNA in a population of cells. Some genetic processes that have been proposed to produce speDNA include deletion of chromosomal DNA, transposition, and extrachromosomal amplification (13, 14) . These, in turn, may take place via different mechanisms including replicative recombination, reverse transcription, replicon misfiring, non-specific degradation, or homologous or illegitimate recombination.
Recently, sequence analysis of cloned spcDNA (13) and isolation of replicative intermediates (15) 1 ). There were also numerous other homologies of polypurine rich regions between spcB11 and spcB9B, B7, B2, and A3 (not shown). It is not clear whether any of these homologies has significance for the generation of spcDNA in the cell. All circles except spcB7 and B12, both represented by unique or low copy number sequences in the chromosome, also had some homology to a consensus sequence determined for all mammalian short interspersed repeats (21), which is itself homologous in part to the replication origins of SV40 and papova BK viruses (see Figure 3b and c).
Recent evidence has suggested a link between retrovirus-like transposable elements and introns, in which class II introns of Neurospora were found to code for a protein sharing some amino acid sequence homology with the reverse transcriptase of retroviruses (22) . We therefore searched for the presence of (11), and copia sequences from Drosophila (25) . An additional mechanism for generating spcDNA may be used by copia-like transposable elements of Drosophila. Many of these copia-like sequences are present in Drosophila spcDNA (9) , and RNA/DNA intermediates in reverse transcription have been detected for Drosophila mdg-1 and mdg-3 sequences (26) . Based on the extensive similarities of copia-like sequences to vertebrate retroviral proviruses (27, 28, 29) , it may be assumed that at least a portion of the intermediates would be resolved as circular molecules.
The spcDNAs selected for sequencing here were too small to possess the characteristic features of retroviral-like transposable elements. However, we did examine them for features common to the long terminal repeats (LTRs) of these sequences, such as short terminal inverted repeats, promoter-like sequences, and polyadenylation signals. None of these sequences was found.
However, one circle, spcB12, did possess a short region of homology ( Figure   3d ) to a 14 bp sequence located U2 bp from the 5'-end of the LTR of an intracisternal A particle (IAP) from Syrian hamster (30) . The Syrian hamster sequence is also identical to a sequence located in the same position in the LTR of the Mus musculus IAP re mos (30) . IAP genes are known to compose a major class of copia like elements in rodents. An spcDNA molecule containing IAP sequences has also been cloned from mouse tumor cells (15) .
Two of the spcDNAs that were homologous to unique or low copy number sequences in the chromosome (spcB12 and B7) were used to probe a CHO chromosomal gene bank for homologous sequences. Four clones homologous to spcB12
and five clones homologous to spcB7 were isolated. These clones were digested with a number of restriction enzymes and run on agarose gels for rough sequence comparisons. Southern blots of these gels were probed with labeled homologous spcDNA to identify smaller homologous fragments for subcloning and to aid in determining differences between the clones. All five B7-homologous clones had very similar restriction enzyme patterns and possessed identical fragments which reacted with the labeled probe. Since B7 appeared to be a unique chromosomal sequence, based on hybridization to total chromosomal DNA (1), we assumed that all five lambda clones contained the same homologous chromosomal sequence. Therefore, only one of these clones, designated cB717, was chosen for sequencing.
Only two of the four clones homologous to spcB12 (cB12X and cB1219) had similar restriction enzyme patterns and possessed B12-homologous fragments that were identical in size. The other two clones (CB121 and cB1218) had several restriction fragments in common, but differed from each other in that one (cB1218) contained two homologous BamH I fragments, as expected (1) Recombination involving homologous sequences cannot account for the generation of spcB7, however, since there are no direct or inverted repeats located at the chromosomal-circle junctions of cB717 (see Fig. 2 ). This is also true for a number of monkey spcDNA molecules containing sequences homologous to Kpnl repeats (12) . cB717 is somewhat unusual in that it is composed of a comparatively simple sequence containing a large number of short runs Since the circular copy of B7 is also infrequent (1), it is possible that spcB7 arose as a result of some random event, such as the recirculariza-tion of degraded chromosomal DNA.
The longest possible ORF beginning with a potential initiation codon is listed for each spcDNA in Table 1 The results reported here support the view that spcDNAs represent the products of a diverse set of phenomena. We find no compelling evidence for common structural features among individual spcDNA molecules that could explain their presence in the circular DNA population. While it is apparent that no single mechanism is responsible for the generation of all spcDNA, a recombination mechanism which recognizes homologous sequences may be frequently involved. Also, regions possessing homology to SV40 or papova virus origins may play a role in the generation of some circular DNA molecules, possibly through replicon misfiring (33) followed by homologous recombination, but more data would be required to establish this possibility. In summary, sequence data reported here and in other reports (8, 9, 11, 12, 13, 14, 25, 34) support the earlier kinetic and biophysical data indicating that populations of extrachromosomal circular DNA in eukaryotes are indeed very heterogeneous in nature.
